The vascular effects of arsenic in drinking water are global health concerns contributing to human disease worldwide. Arsenic targets the endothelial cells lining blood vessels, and endothelial cell activation or dysfunction may underlie the pathogenesis of both arsenic-induced vascular diseases and arsenic-enhanced tumorigenesis. The purpose of the current studies was to demonstrate that exposing mice to drinking water containing environmentally relevant levels of arsenic promoted endothelial cell dysfunction and pathologic vascular remodeling. Increased angiogenesis, neovascularization, and inflammatory cell infiltration were observed in Matrigel plugs implanted in C57BL/6 mice following 5-week exposures to 5-500 ppb arsenic [Soucy, N.V., Mayka, D., Klei, L.R., Nemec, A.A., Bauer, J.A., Barchowsky, A., 2005. Neovascularization and angiogenic gene expression following chronic arsenic exposure in mice. Cardiovasc.Toxicol 5, 29-42]. Therefore, functional in vivo effects of arsenic on endothelial cell function and vessel remodeling in an endogenous vascular bed were investigated in the liver. Liver sinusoidal endothelial cells (LSEC) became progressively defenestrated and underwent capillarization to decrease vessel porosity following exposure to 250 ppb arsenic for 2 weeks. Sinusoidal expression of PECAM-1 and laminin-1 proteins, a hallmark of capillarization, was also increased by 2 weeks of exposure. LSEC caveolin-1 protein and caveolae expression were induced after 2 weeks of exposure indicating a compensatory change. Likewise, CD45/CD68-positive inflammatory cells did not accumulate in the livers until after LSEC porosity was decreased, indicating that inflammation is a consequence and not a cause of the arsenic-induced LSEC phenotype. The data demonstrate that the liver vasculature is an early target of pathogenic arsenic effects and that the mouse liver vasculature is a sensitive model for investigating vascular health effects of arsenic.
Introduction
The vascular effects of arsenic in drinking water pose a global public health concern and contribute to disease in tens of millions of people worldwide (reviewed in Navas- Acien et al., 2005; Engel et al., 1994) . While the roles of environmental contaminants in the etiology of vascular diseases and in the vascular contributions to organ dysfunction remain poorly defined, epidemiological studies have associated arsenic exposures with increased risk of cardiovascular diseases (Navas-Acien et al., 2005; Wu et al., 2006; Tseng et al., 2003; Engel et al., 1994) and vascular contributions to liver disease (Mazumder, 2005) . Recent reports indicated that high environmental levels of arsenic (10-100 ppm in drinking water) accelerate atherosclerosis (Bunderson et al., 2004; Simeonova et al., 2003) and promote liver vascular channel formation in rodent models (Mazumder, 2005) . However, the number of studies that examine thresholds and mechanisms for the vascular effects of environmentally or human relevant arsenic exposures is limited. This limitation is confounded by the current bias that intact rodent models are insensitive to the health effects of arsenic. The vascular effects of arsenic are an exception since vascular activation and dysfunction occur in mice exposed to low ppb levels of arsenic (Kamat et al., 2005; Liu et al., 2006; Soucy et al., 2003 Soucy et al., , 2005 . The importance of identifying in vivo endpoints that can be used to test for the vascular effects of low to moderate arsenic exposures is underscored by the multiple dose-dependent mechanisms elicited by arsenic exposures.
Angiogenesis, neovascularization in adult tissues, is a complex process of endothelial cell proliferation, migration, and vessel maturation (reviewed in Hayden and Tyagi, 2004; Carmeliet, 2000) . The majority of pathological angiogenesis is accompanied by recruitment of inflammatory and progenitor cells to elaborate growth factors and complete remodeling of the new vessel wall (Ruiz et al., 2006) . Thus, endothelial cells generate the angiogenic response, but they cannot complete vessel maturation without recruitment of pericytes and smooth muscle cells in a process called vascular myogenesis (RicousseRoussanne et al., 2004; Carmeliet, 2000) . Pathogenic endothelial cell activation and angiogenesis in rodent models are sensitive to low, environmentally relevant arsenic exposures (Soucy et al., 2003 (Soucy et al., , 2005 Kamat et al., 2005) . Arsenic stimulates the angiogenic process in cultured cells and neovascularization in vivo (Barchowsky et al., 1996; Kao et al., 2003; Kamat et al., 2005; Liu et al., 2006; Soucy et al., 2003 Soucy et al., , 2005 . However, this stimulation occurs only at low to moderate concentrations of arsenic (5-500 ppb in vivo, 0.1-5.0 μM in cell culture (Barchowsky et al., 1996; Kao et al., 2003; Soucy et al., 2003 Soucy et al., , 2005 ). Concentrations of arsenic above 5 μM are toxic to confluent endothelial cells and limit tube formation in culture (Barchowsky et al., 1996; Roboz et al., 2000) . Arsenic is more toxic to sub-confluent endothelial cells (Barchowsky et al., 1996) , and the threshold for in vivo toxicity in angiogenesis assays is approximately 1-5 μM (Soucy et al., 2003) . In contrast, high levels of arsenic (10-50 μM) stimulate vascular smooth muscle cells to proliferate and to increase vascular endothelial cell growth factor (VEGF) expression and secretion (Soucy et al., 2004) . The proliferation of the smooth muscle cells may contribute to the atherogenic effects and vessel dysfunction seen following arsenic exposures in humans (Engel et al., 1994; Penn, 1990) . VEGF is a primary factor for stimulating angiogenesis and plays a critical role in pathological angiogenesis in both atherosclerosis and tumors (Aggarwal et al., 2006; Carmeliet, 2000; Dalgleish and O'Byrne, 2006; Hayden and Tyagi, 2004) .
Angiogenesis is the rate-limiting step in tumor growth. As with general effects on vascular cells, arsenic has the dual effects on tumor angiogenesis of low dose promotion and high dose inhibition (Soucy et al., 2003; Liu et al., 2006; Kamat et al., 2005; Roboz et al., 2000; Lew et al., 1999) . Depending on the tumor cell type, higher doses of arsenic either inhibit VEGF expression and release (Roboz et al., 2000) or stimulate stress responses that induce VEGF (Duyndam et al., 2003) . Low dose arsenic exposures (5-250 ppb in drinking water, or nM to low μM concentrations) increased neovascularization of chicken chorioallantoic membranes, stimulated inflammatory angiogenesis in vivo in a mouse Matrigel assay, and increased vascular density and vessel size in mouse tumors (Soucy et al., 2003 (Soucy et al., , 2005 Kamat et al., 2005) . These studies indicated that vascular cells are highly sensitive to the effects of arsenic and that these in vivo models are useful for identifying mechanisms for the health effects of low dose arsenic exposures. A deficiency in these models, however, is their inability to reveal pathogenic effects of arsenic on vascular beds that are not developing, inflamed, or transformed.
The unique vasculature of the liver represents an endogenous vascular bed that is a primary target for the pathogenic effects of arsenic. The liver is the major organ for arsenic metabolism, and the blood in the liver vessels should have one of the highest levels of inorganic arsenic and its metabolites found in the body following exposure to arsenic in drinking water. Liver effects associated with arsenic in drinking water include non-cirrhotic liver fibrosis and to a lesser extent portal hypertension (Mazumder, 2005; Das et al., 2005; Guha Mazumder, 2003) . These pathologies are distinguished by increased vascular channels in the portal regions of the liver. In humans, higher levels of chronic arsenic consumption increase urinary levels of porphyrins, a biomarker for liver injury, that are more pronounced in people under 20 years of age (Ng et al., 2005) . In addition, cardiac and liver disorders are the major side effects of therapeutic arsenic regimes used to treat leukemia (Shigeno et al., 2005) . Despite epidemiological evidence that the liver vasculature is a pathogenic target of chronic arsenic ingestion (Mazumder, 2005) , the direct effects of arsenic on the liver vascular cells remain unknown.
The filtering function of the liver sinusoids is facilitated by the specialized, highly fenestrated sinusoidal endothelial cells (LSEC) (Braet and Wisse, 2002) . These cells are unique in the extensive heterogeneity of vascular endothelium throughout the body due to their role in providing low pressure transendothelial cell transport of nutrients and wastes into and out of the liver parenchyma (Braet and Wisse, 2002) . Early in development, the LSEC differentiate to lose markers of a continuous endothelium, such as junctional expression of platelet endothelial cell adhesion molecule 1 (PECAM-1/CD31) and a basement membrane containing the matrix protein laminin-1 (Couvelard et al., 1996) . In the differentiation process, the SEC gain fenestrae and gaps that allow sieving of circulating nutrients, lipids, and lipoproteins for normal liver metabolism (Braet and Wisse, 2002) . The SEC angiogenic process is manifested differently than angiogenesis in endothelial cells of systemic vessels since there is no increase in sinusoidal vessel number or density. Instead, SEC angiogenesis is a dedifferentiation and maturation process called capillarization with diagnostic hallmarks of SEC defenestration and increased surface expression of PECAM-1 and laminin-1 protein (Braet and Wisse, 2002; DeLeve et al., 2004; Couvelard et al., 1993; Guyot et al., 2006; Tsuneyama et al., 2003) . The normally discontinuous SEC become a continuous endothelium with limited transendothelial cell transport due to loss of fenestrae and formation of tight intercellular endothelial junctions (Dubuisson et al., 1995; Braet and Wisse, 2002; Xu et al., 2003; Couvelard et al., 1993) . Capillarization precedes vascular remodeling of other liver vessels, such as the hepatic arterioles and the peribiliary vascular plexus causing the shunting of blood flow, vascular channel formation, and eventually liver fibrosis (Couvelard et al., 1993; DeLeve et al., 2004; Li et al., 2005) . Liver angiogenesis in general is recognized as an important factor in the pathogenesis not only for portal fibrosis, but also for portal hypertension and progression of hepatocellular carcinomas (Tsuneyama et al., 2003; Ward et al., 2004; Semela and Dufour, 2004; Moreau, 2005; Fernandez et al., 2005) . Finally, liver capillarization impacts the systemic vasculature by decreasing liver metabolism of lipids, lipoproteins, and glucose to promote atherogenesis in response to environmental stresses and aging (Braet and Wisse, 2002; Cogger et al., 2004; Hilmer et al., 2005) .
Significant gaps remain in the mechanistic understanding of arsenic-induced endothelial cell dysfunction and pathogenesis of vascular diseases caused by low to moderate levels of arsenic in drinking water. However, filling these knowledge gaps has been complicated by a lack of sensitive animal models for in vivo investigation of the molecular pathology of arsenic effects on the cells of endogenous vascular beds. The objective recent studies (Soucy et al., 2005; Straub et al., 2007) and the following studies was to demonstrate that low to moderate levels of arsenic in drinking water promote inflammatory angiogenesis and vascular remodeling in mouse models. The data demonstrate endothelial cell activation and inflammatory cell infiltration in response to as little as 50 ppb in the mouse Matrigel model. In addition, LSEC undergo capillarization following sub-chronic exposure of mice to 250 ppb in drinking water (Straub et al., 2007) . These recent data are the first demonstrations of pathogenic effects of environmentally relevant arsenic levels on an endogenous vascular bed and suggest that the mouse liver vasculature is a sensitive model for examining the vascular health effects of low dose arsenic exposures.
Methods
Animal exposure. Mouse exposures were performed in agreement with institutional guidelines for animal safety and welfare at Dartmouth College and the University of Pittsburgh. The conditions and results for the Dartmouth study have been published, with the exception of data in Fig. 1 (Soucy et al., 2005) . C57BL/6NTac male mice, ages 6-8 weeks weighing approximately 20 g, were obtained from Taconic Farms (Hudson, NY). Standard mouse chow and drinking water solutions were fed ad libitum to mice housed in boxes of three. Fresh drinking water solutions of sodium arsenite (Fisher Scientific, Pittsburgh, PA) were prepared triweekly using commercially bottled drinking water (Giant Eagle Spring Water, Pittsburgh, PA). Individual mouse consumption of arsenite was not measured, but there were no differences in water consumption, body weights, or liver weights between the groups (data not shown).
Matrigel neovascularization assay. In vivo Matrigel neovascularization assays were performed, as previously described (Soucy et al., 2003 (Soucy et al., , 2005 . Briefly, a Matrigel plug containing 50 ng/ml recombinant FGF-2 (PeproTech, Rocky Hill, NJ) was implanted after the mice were exposed to arsenic for 3 weeks and exposures were continued for an additional 2 weeks. At the end of the exposures, the mice were euthanized and plugs were excised with a portion of adjacent skin and muscle for orientation. The plugs were then fixed in 10% neutral buffered formalin and embedded in paraffin. One-hundred-micrometer-thick cross-sections were stained with hematoxylin and eosin for counting vessels (identified as cell-lined luminal structures containing red blood cells). The results of arsenic effects on vessel number in these experiments have been published elsewhere (Soucy et al., 2005) . Additional thin slices were immunostained for CD45-positive leukocyte infiltration, essentially as described for PECAM-1 staining (Soucy et al., 2003) .
Scanning and transmission electron microscopy. SEM and TEM were used to compare liver sinusoid ultrastructure between control C57BL/6 mice and mice exposed for 5 weeks to 250 ppb of arsenite in their drinking water. At the end of the exposure period, three mice in each group were euthanized by IP injection of sodium pentobarbital (Nembutal) and opening the thoracic cavity. The livers were perfusion fixed by flushing with 10 ml of PBS and then perfused with 10 ml 2.5% glutaraldehyde in PBS. Livers were then removed and immersed in 2.5% glutaraldehyde overnight at 4°C. Samples for TEM were processed as described previously Stolz et al., 1999; Wack et al., 2001 ). Ultrathin, 70-nm sections were imaged on a JEM 1210 TEM (JEOL, Peabody, MA) at 80 kV. For SEM, perfused fixed livers were sliced into approximately 3-mmthick sections, prepared for imaging as described Stolz et al., 1999; Wack et al., 2001) , and imaged with a JSM-6330F scanning electron microscope.
Morphometric quantitation of fenestrae. Representative 14,000× SEM images of sinusoids were captured in the livers sections from 3 control mice or 3 mice exposed to arsenic. In three separate sinusoids in each mouse, MetaMorph software was used to calculate porosity in an average of area of 2855 ± 1231 μm 2 in the vessel walls. Within this area, the area of individual fenestrae (20-500 nm diameter) and gaps (>500 nm diameter) was quantified in μm 2 . The areas of fenestrae and gaps were summed, divided by the total area of the vessel examined, and multiplied by 100 to give the porosity as percent of open area. The porosities of the three separate vessels per mouse were averaged for a single value used in group comparisons.
Immunofluorescence detection of proteins. At the end of the exposure periods, the livers were excised and then snap frozen in liquid nitrogen until sectioning. Cryostat sections (8 μm) of excised liver were placed on charged glass slides and fixed for 1 min in cold methanol. After washing three times with phosphate-buffered saline (PBS), the slides were incubated for 1 h at room temperature (RT) with primary antibodies for: PECAM-1 (1:100; BD Biosciences, San Jose, CA), laminin-1 (1:750; Sigma-Aldrich, St. Louis, MO), CD45 (1:500; BD Biosciences), CD68 (1:500; Serotec, Raleigh, NC), smooth muscle actin (1:500; Sigma), and caveolin-1 (1:300; BD Biosciences) diluted in PBS. Slides were then washed three times with PBS and then incubated for 1 h at RT in the dark with secondary antibodies (Alexa Fluor® 488 Goat anti-rat (H + L) (Invitrogen), Alexa Fluor® 594 Goat anti-mouse (H + L) (Invitrogen), Alexa Fluor® 594 Goat anti-rabbit (H + L) diluted 1:500 (Invitrogen), and nuclear stain DRAQ 5 (1:2000; Biostatus, Leicestershire, UK)). After three rinses with PBS, coverslips were mounted with Flouromount G (Southern Biotech, Birmingham, AL) and fluorescent images were captured with an Olympus Fluoview 500 confocal microscope or a Nikon microphot-FXL microscope, fitted with an Olympus CCD digital camera.
Quantitative immunofluorescence of sinusoidal protein levels. Five random 400× immunofluorescent images (40× objective with an additional 10× image magnification) were captured using the same exposure time from in liver sections from five control and five arsenic-exposed mice. Using MetaMorph software (Universal Imaging), the images were color separated, changed to monochrome format, and the threshold pixel values were set to equal levels. The number of pixels per 400× field was then quantified, and the average percentage of positively fluorescent pixels per field in the five fields was calculated to give a single value per mouse.
Statistical analysis. Dose-and time-dependent changes in mice exposed to arsenic were compared by two-way analysis of variance (ANOVA) followed by Bonferroni's posttest for differences between treatments. All statistical analysis was performed using Prizm 4.0 software (GraphPad, San Diego, CA).
Results

Arsenic exposure enhances inflammatory angiogenesis in vivo
Arsenic causes time-and dose-dependent enhancement of angiogenesis in vivo in chicken chorioallantoic membrane and mouse Matrigel assays (Soucy et al., 2003 (Soucy et al., , 2005 . The threshold for arsenic enhancement of FGF primed angiogenesis in the Matrigel assay was 5 ppb, and this enhancement of angiogenic capacity was seen following 5-, 10-, and 20-week exposures to 50 and 250 ppb arsenic (Soucy et al., 2005) . H&E staining of the Matrigel sections in this earlier study suggested that arsenic-induced inflammatory cell infiltration in addition to increasing vascularization of the plugs (Soucy et al., 2005) . To confirm this observation, the infiltrating cells were characterized by immunostaining thin sections of the plugs for the leukocyte marker CD45. As shown in Fig. 1 , CD45-positive staining was only observed in Matrigel plugs from arsenicexposed animals and was associated with increased vascularization of the plugs.
Sub-chronic As(III) exposure induces defenestration and capillarization of liver sinusoids
We recently used SEM and TEM to demonstrate the effects of exposing mice for 5 weeks to 250 ppb of arsenic on functional morphologic change in mouse liver sinusoidal endothelium (Straub et al., 2007) . The time course for these ultrastructural changes is shown in Fig. 2 . The SEC in normal mice contain numerous sieve plates with open fenestrae (20-500 nM in diameter) and gaps (> 500 nM in diameter). In contrast, the sinusoids in arsenic-exposed mice were defenestrated and the endothelium was continuous indicating capillarization (Fig. 2) . Quantitative morphometric analysis revealed that by 2-5 weeks arsenic increased the number of fenestrae per unit surface area of the sinusoid, but decreased the average size of the fenestrae and eliminated gaps to decrease overall sinusoid porosity (i.e. open space per unit area; Fig. 2 graph) . The surface of the arsenicexposed sinusoids also showed an increase in associated detritus and projections, some of which were microvilli from the underlying hepatocytes protruding through the SEC fenestrae (Fig. 2 ). There were no zonal differences along the sinusoids for the effect of arsenic on porosity (data not shown). The TEM images in Fig. 3 confirm that the quantitative decrease in porosity of the sinusoids in arsenic-exposed mice was paralleled by an increased filling of the space of Disse. The images indicate an increased formation of hepatocyte microvilli, and similar increases in microvilli have been attributed to a compensatory mechanism to recover lost nutrient uptake (Braet and Wisse, 2002; Wack et al., 2001 ). The magnified portions of the TEM images showing the space of Disse demonstrate arsenicstimulated loss of fenestrations and gaps and gain of a rudimentary basement membrane (Fig. 3B) .
Arsenic induces sinusoidal PECAM-1 and laminin-1 protein expression SEC junctional expression of PECAM-1 and development of a laminin-1 containing basement membrane are hallmarks of capillarization and vessel maturation (Davis and Senger, 2005; DeLeve et al., 2004; Braet and Wisse, 2002) . Confocal microscopic image capture and quantitative immunofluorescence analysis for these two proteins were performed on frozen fixed sections to determine whether the arsenic-induced ultrastructural changes observed in Figs. 2 and 3 were accompanied by localized increases in protein expression. The images of tissue from control mice and mice exposed to arsenic for 2 weeks in Fig. 4A indicated that PECAM-1 expression was selectively increased in the sinusoids. Consistent with the TEM images in Fig. 3B , basement membrane laminin-1 expression also increased in the sinusoids of arsenic-exposed mice (Fig.  4A) . Merging the red and green channels in Fig. 4A revealed punctuate laminin-1 staining (focal red staining) that is adjacent to the sinusoidal PECAM-1. This may indicate that stellate cells, a primary source of laminin-1 (Couvelard et al., 1993) , were also activated by arsenic. Consistent with the time course for loss of porosity, quantitative analysis of immunostained sections from Fig. 1 . Arsenic-stimulated inflammatory cell infiltration in mouse Matrigel assays for neovascularization. Matrigel plugs were implanted subcutaneously into control mice and mice exposed for 3 weeks to the indicated amount of arsenite in their drinking water. Exposure was continued for an additional 2 weeks, and the plugs were harvested at time of euthanizing the mice. The plugs were fixed, embedded in paraffin, and sectioned. Overlapping sections were stained with hematoxylin and eosin (H&E) or immunostained for CD45-positive leukocytes (green channel). Immunostained sections were also stained with DRAQ 5 to visualize nuclei (blue channel). Arrows indicate blood vessels that are defined as luminal structures containing red blood cells (M = abdominal muscle). The images are representative of images from 5 animals in each group.
mice in each exposure period demonstrated that arsenic exposure caused time-dependent increased expression of PECAM-1, relative to controls (Fig. 4B) . As previously reported (Neubauer et al., 2000) , the increase in PECAM-1 protein expression at the cell junctions did not correlate with changes in PECAM-1 mRNA levels (data not shown).
Arsenic increases caveolin-1 and caveolae in LSEC membranes
Fenestration of the endothelium is associated with a decreased expression of caveolin-1 and loss or fusion of caveolae (Braet, 2004; Esser et al., 1998) . To determine whether Fig. 3 . Arsenic-stimulated capillarization, basement membrane formation, and increased hepatocyte microvilli. (A) TEM images of sinusoidal vessels were captured from ∼ 70 nm thick sections of livers from control mice and mice exposed to arsenite for 2 weeks (SD, space of Disse; L, sinusoid lumen). The images are representative of images from 3 mice in each group and do not differ from images of mice exposed to arsenite for 5 weeks. (B) Portions of images captured at 30,000× are presented to illustrate closure of fenestrations and gain in hepatocyte microvilli in the arsenite-exposed mice, relative to control. Fig. 2 . Time-dependent defenestration and capillarization of the liver sinusoidal endothelium after arsenic exposures. (A) SEM images of sinusoidal vessels were captured from thick sections of livers excised from control mice or mice exposed to 250 ppb arsenite in drinking water for 2 weeks. The images were captured at a magnification of 14,000×. (B) Sinusoid porosity (e.g. percent open space in the sinusoid wall) was determined in control mice and mice exposed to arsenite for 1, 2, or 5 weeks, as described in Methods. The data in the graph present the mean ± SEM of sinusoid porosity of 3 mice in each group. Statistical analysis using two-way analysis of variance demonstrated a highly significant time effect (p < 0.01) and a significant difference in arsenic-treated animals from control by 2 weeks (p < 0.05).
arsenic reversed suppressed caveolin-1 expression in liver SEC, thin sections were co-immunostained for caveolin-1 and PECAM-1. The images and graph in Fig. 5 confirm that caveolin-1 expression in normal sinusoids is low. There was no effect of arsenic on caveolin-1 expression at early time points of exposure ( Fig 5C) . However, by week 5 of arsenic exposure, caveolin-1 protein was greatly increased. The pattern of expression was highly correlated with the increase in LSEC PECAM-1 expression (Fig. 5A ) and with an increase in caveolae structures in the LSEC membranes (Fig. 5B) . These data suggest that, after the LSEC capilliarize, their phenotype continues to mature to convert from transporting bulk constituents through fenestrations to facilitated transendothelial transport through caveolae.
Leukocyte infiltration into the liver increased following 5 weeks of arsenic exposure
In models of alcohol-induced liver injury, angiogenesis and hepatic vascular remodeling are associated with an influx of monocytes and macrophages that deliver vascular growth and stabilizing factors (Tsuneyama et al., 2003) . Since arsenic increased myeloid cell infiltration in the mouse Matrigel assay (Fig. 1) , the time-dependent effects of arsenic on the liver content of CD45 and CD68-positive cells were examined. Consistent with the data in Fig. 1 , there were significant increases in both CD45 and CD68 staining in mice exposed to arsenic for 5 weeks (Fig. 6) . The amount of increase in CD68-positive macrophages is much less striking that the increase in CD45-positive cells indicating that the CD68-positive population represents only a portion of the total CD45-positive infiltrate. There were no differences in CD45-positive cells between control and arsenic-exposed mice at the earlier time points suggesting that the leukocytes are recruited after loss of porosity and capillarization are initiated (Fig. 2) . Thus, inflammation appears to be a result and not a cause of arsenic-induced defenestration and capillarization.
Discussion
Neovascularization, angiogenesis, and vessel remodeling in the adult are fundamental to the pathogenesis of a number of diseases caused by environmental arsenic exposures, including cardiovascular ischemic diseases, atherosclerosis, tumorigene- Thin sections were prepared from the livers of control mice or mice exposed to arsenite for 2 weeks and immunostained for PECAM-1 (green channel) or laminin-1 (red channel). In the merged image, the blue channel was added to show DRAQ 5-stained nuclei. The representative confocal images were captured at 40× with a final magnification 400×. (B, C) Morphometric analysis of confocal immunofluorescent images was used to quantify PECAM-1 and laminin-1 protein expression in groups of 6 mice at 1, 2, and 5 weeks. Data are expressed as the mean ± SEM percentage of total pixels that stain positive for the respective protein per 400× microscopic field. The data were analyzed by two-way analysis of variance and showed both significant time and treatment differences (**p < 0.01 and *p < 0.05).
sis, and liver fibrosis. Our previous studies were the first to demonstrate that exposure to arsenic in drinking water at or even below the current United States drinking water standard of 10 ppb enhances angiogenesis in an intact mouse model (Soucy et al., 2005) . The data in Fig. 1 extend these earlier observations by demonstrating that angiogenesis enhanced by 5 weeks arsenic exposures is associated with recruitment of inflammatory cells. This is in keeping with the pathogenesis of angiogenesis in adult tissues (Carmeliet, 2000; Cursiefen et al., 2004; Tsuneyama et al., 2003) . However, these data were not unexpected since the Matrigel plug is an inflammatory model primed with a threshold amount of FGF (Soucy et al., 2005) . This model is relevant to tumorigenesis, and other studies confirm that low dose arsenic enhances the vascularization of solid tumors (Kamat et al., 2005; Liu et al., 2006; Soucy et al., 2003) . The data in the current study go beyond these earlier studies to address the question of whether arsenic initiates or merely enhances pathogenic responses. This study, therefore, is the first to demonstrate functional vascular changes in an endogenous vascular bed that is exposed to arsenic in vivo. The data not only indicate that arsenic initiates defenestration and capillarization of the LSEC, but also demonstrate that arsenic-induced loss of porosity (Fig. 2) precedes inflammatory (Fig. 6 ) and compensatory changes (Fig. 5) in the sinusoidal endothelium.
The data in the current study differ significantly from previous rodent studies of arsenic effects on the liver vasculature (Bashir et al., 2006; Das et al., 2005; Flora et al., 1997; Mazumder, 2005) . The major contrast is that, in the current study, vascular remodeling was observed following sub-chronic exposure to a moderate arsenic exposure. One previous study in mice demonstrated that prolonged (9 month) exposure to high dose arsenic (50-500 μg/mouse/day by gavage) resulted in liver lipid peroxidation and cytokine release (Das et al., 2005) . Assuming equal bioavailability between species, these exposures would be the equivalent of a human drinking 2-20 mg of arsenic/day for approximately 26 years before inflammatory toxicity occurred. This does not fit the demographic of arsenic-induced liver disease in humans since significant increases in urinary porphyrins, a biomarker for liver injury, are more readily observed in arsenic-exposed humans who are under 20 years of age (Ng et al., 2005) . In vivo, high doses of arsenic affect all cells in the liver and promote a significant amount of apoptosis in hepatocytes (Bashir et al., 2006) . High doses of arsenic (>5 μM) are known to be toxic to endothelial cells (Barchowsky et al., 1996 (Barchowsky et al., , 1999 Kao et al., 2003; Roboz et al., 2000) , and it is possible that high dose exposures elicit multiple mechanisms for toxicity that mask the pathogenic mechanisms mediating liver diseases in response to environmentally relevant arsenic exposures. In contrast, the current study investigated effects of a relevant ad libitum ingestion of drinking water containing an arsenic level that was near the threshold for observing significant liver disease in humans (250 ppb=~0.7-0.9 μg/mouse/day for 5 weeks; human equivalent ∼32 μg/day for 3.75 years). Thus, the data in this study reflect the effects of arsenic on cell phenotype rather than cell death.
Liver injury in response to arsenic has been proposed to be mediated by oxidative stress and increased levels of inflammatory cytokines (Das et al., 2005; Mazumder, 2005) . Das et al. showed that 9 months was required before overt liver injury was observed in response to high levels of arsenic and that this injury was associated with increased oxidative damage and cytokine release (Das et al., 2005) . Capillarization has been shown to occur with aging, an effect that may be caused by progressive oxidative injury to LSEC (Hilmer et al., 2005; Cogger et al., 2004) . The data in Fig. 2 extend our previous observations (Straub et al., 2007) by demonstrating that capillarization developed over 1-2 weeks of arsenic exposure and was greatly accelerated by arsenic compared to the natural decline in porosity seen in age matched controls. Since arsenite stimulates oxidant production by endothelial cell NAD(P)H oxidase (Smith et al., 2001) , it is possible that chronic oxidant stress was responsible for arsenic-induced loss of porosity and phenotypic change in LSEC. However, if this was true, the oxidative stress would have had to be at a low level since total liver hemoxygenase-1 mRNA levels increased by less than 3-fold in following exposure to 250 ppb of arsenite for 5 weeks (data not shown). The data in Fig. 6 argue that an inflammatory response resulted from arsenicinitiated capillarization instead of causing it. Leukocytes were not recruited until after the maximal loss in LSEC porosity occurred. Thus, leukocyte oxidant generation was unlikely to have contributed to arsenite-induced LSEC phenotypic change. More studies are needed to determine the threshold for arsenite stimulation of LSEC NAD(P)H oxidases and whether oxidant generation accounts for the mechanism of arsenite induced pathogenic change in LSEC phenotype.
Capillarization is the angiogenic process of the liver sinusoidal endothelium and is fundamentally different from angiogenesis in other vascular beds. The main distinction is that there is no increase in vessel number due to the anatomic constraints of the liver sieve plates. Capillarization of LSEC results in ultrastructural phenotypic conversion to endothelial cells with tight intercellular junctions and loss of fenestrations (Couvelard et al., 1993; Dubuisson et al., 1995; Xu et al., 2003) . In multiple human and animal studies, capillarization has been demonstrated to precede alcohol-induced liver disease, portal hypertension, cirrhosis, and chronic hepatitis (DeLeve et al., 2004; Dubuisson et al., 1995; Tsuneyama et al., 2003; Xu et al., 2003) . Increased SEC membrane PECAM-1 protein expression and deposition of a laminin-1-containing Fig. 6 . Arsenic-stimulated liver accumulation of CD45 and CD68-positive cells. Thin sections of liver from mice exposed to arsenite for the indicated time or their time matched controls and immunostained stained for either CD45 (leukocytes/monocytes) or CD68 (macrophages). (A-D) Representative images of CD45-or CD68-positive staining in livers of 5 weeks control or arsenic-exposed mice were captured at 20× and magnified by an additional 10×. (E, F) Quantitative morphometric analysis of the immunofluorescent images from each treatment group was used to determine the percentage of total pixels that stained positive for CD45 or CD68. The graphs present mean ± SEM of values for 6 mice in each group. Two-way analysis of variance determined that there was a highly significant time dependence for both CD45 and CD68 staining, as well as significant stimulation by arsenic at 5 weeks (*p < 0.05; **p < 0.01).
basement membrane are hallmarks of capillarization in injured livers (Couvelard et al., 1993; DeLeve et al., 2004) . As seen in Fig. 4 , arsenic induces these hallmarks as it promotes defenestration and capillarization of the SEC (Figs. 2 and 3) . The time course for gain of PECAM-1 and laminin-1 is identical to the time course for loss of porosity (Fig. 2) , indicating that these are reciprocal functions. Thus, as the fenestrations close the cells increase intracellular contacts and transport through the fenestrations is limited by gain of a basement membrane. Infiltration of leukocytes, especially proangiogenic myeloid cells, is necessary for supporting pathological angiogenesis, vessel maturation, and remodeling (Brasier et al., 2002; Carmeliet, 2000; Cursiefen et al., 2004; Ruiz et al., 2006) . It is possible that the delayed increase in CD45-positive cell infiltration was the result of vessel maturation in the capillarization process rather than a direct effect of arsenic on leukocyte activity. Further indication that consequential or compensatory processes continue to occur in the arsenite exposed mice is the gain in caveolin-1 and caveolae (Fig. 5) for transendothelial cell transport.
In summary, there is growing evidence that low level arsenic exposures have functional pathogenic consequences in endothelial cells. Arsenic-enhanced angiogenesis occurs in mouse models and mouse tumors at very low concentrations (Liu et al., 2006; Soucy et al., 2005; Kamat et al., 2005) making this endpoint one of the most sensitive reported as a health effect of arsenic in rodents. More importantly, angiogenesis is induced in mice by low to moderate human relevant exposures and occurs in response to arsenic at the current United States MCL of 10 ppb (Soucy et al., 2005; Kamat et al., 2005) . The data in the current study are the first to demonstrate that moderate environmental exposure to arsenite functionally affects an endogenous vascular bed. While the exposures were not long enough to observe portal fibrosis and there was no measure of portal blood flow, the changes observed were consistent with initial pathogenesis of intrahepatic vascular disease and development of arteriovenous shunts in arsenic-induced human liver diseases (Mazumder, 2005) . The data indicate that the intact mouse and liver vasculature are suitable models for investigating arsenic-induced inflammatory and vascular changes that promote both pathogenic vascular cell responses and liver disease. Further studies using this model will be needed to identify the molecular switches and mechanisms through which arsenic stimulates phenotypic change in the SEC without promoting hepatocyte injury. Since liver sinusoidal capillarization can contribute to atherogenic metabolic imbalance, the studies may have great impact on the understanding of the mechanisms for both human liver and vascular diseases associated with chronic environmental exposures to inorganic arsenic.
